H
uman bocavirus 1 (HBoV1) was originally identified in 2005 in nasopharyngeal aspirates of patients with acute respiratory tract infections (1), followed by the identification of three other HBoVs, namely, HBoV2 to HBoV4, in human feces (2) (3) (4) . HBoV1 infection is mainly associated with pediatric respiratory disease and, in rare cases, shows gastrointestinal symptoms (5) (6) (7) (8) (9) . HBoV1 is frequently detected in infants and young children less than 2 years of age. HBoV1 has been found worldwide (4, (10) (11) (12) and seroepidemiologic studies have shown that most children have IgG antibodies against HBoV1 by school age (13, 14) . HBoV1 has been classified as a member of the genus Bocavirus of the family of Parvoviridae. It represents the first reported human pathogen of this genus, the third to human parvovirus B19 and PARV4 in the Parvoviridae family.
Virions of HBoV1 are small (18 to 26 nm in diameter), icosahedral, and nonenveloped. The capsid exhibits Tϭ1 symmetry with 60 copies of coat protein (15, 16) . The genome of HBoV1 is a single-stranded DNA (ssDNA) of 5,543 nucleotides (nt) with a left-end hairpin (LEH) and a right-end hairpin (REH), which appear to be hybrid remnants of the animal bocaviruses bovine parvovirus 1 (BPV1) and minute virus of canine (MVC), respectively (15, (17) (18) (19) . All parvoviruses encode a nonstructural protein NS1 (termed Rep in adeno-associated virus [AAV] ) that is essential for viral DNA replication (20) (21) (22) (23) (24) and packaging of viral DNA into capsid (25) (26) (27) . It may play other versatile roles, for example, in the transactivation of viral (28) (29) (30) (31) and cellular (32) gene expression, DNA damage response (33) (34) (35) (36) , cell cycle arrest, apoptosis (37) (38) (39) (40) , and/or the modulation of innate immunity (41) . Like its parvovirus orthologs, HBoV1 NS1 contains an N-terminal DNAbinding/endonuclease domain, a central helicase domain, and a C-terminal zinc-finger domain (42) (43) (44) (45) (46) .
The only structurally characterized parvovirus NS1 N-terminal nuclease domain is from AAV Rep (47, 48) , which binds to the consecutive tetranucleotide repeats in the origin of replication (Ori). However, such tetranucleotide repeats are specific to AAV and are not present in HBoV1. Indeed, the LEH of the HBoV1 genome forms a loop with a three-way junction, whereas the REH is a hairpin with perfect base pairing, which are conserved in bocaviruses but distinct from terminal regions of the AAV and parvovirus B19 (B19V) genomes (15, 47, 49) . These findings suggest that the mode of NS1 recognition of the Ori in HBoV is distinct from that in AAV. Moreover, AAV is not known to cause human disease and is a dependovirus because virus replication requires a helper virus such as herpesvirus or adenovirus. The HBoV NS1 shares as little as 14% sequence identity with AAV Rep. Here, we report the crystal structure of human parvovirus HBoV1 NS1 N-terminal origin-recognition/nickase domain (HBoV-NS1N). This represents the first structure of NS1 from any autonomous parvovirus. The structure demonstrates that HBoV-NS1 is a member of the histidine-hydrophobic-histidine (HUH) superfamily of endonucleases and provides insights into multiple roles of NS1 in DNA replication in this emerging human virus. HBoV species display high diversity and frequent mutation (4) . Mapping of variable amino acid residues of NS1N from four HBoV species onto the structure shows a scattered pattern, but the origin recognition site and the nuclease active site are invariable, suggesting a high potential for mutation for the majority of surface residues and the suitability of the two invariable regions as potential targets for broad-spectrum anti-HBoV drugs or vaccines.
MATERIALS AND METHODS
Protein expression, purification, and crystallization. The DNA fragment encoding HBoV-NS1N (residues 1 to 271; GenBank protein_id ϭ AFR5303 9.1) was cloned into pET28a (Novagen) between NdeI/XhoI and a stop codon introduced after Gly271, based on predictions of protein secondary structure elements and disordered regions. The residue G271 is at the end of a predicted alpha helix preceding a predicted disordered region. The N-terminally His-tagged protein was overexpressed by growth of Escherichia coli strain B834(DE3) at 37°C in Luria-Bertani (LB) broth until reaching an optical density at 600 nm of 0.6, followed by induction at 25°C by adding IPTG (isopropyl-␤-D-thiogalactopyranoside) to a final concentration of 1 mM. Cells were harvested after 16 h of growth and lysed on a French press in resuspension buffer (50 mM Na 2 HPO 4 /NaH 2 PO 4 [pH 7.2], 500 mM NaCl, 10% glycerol, and 5 mM ␤-mercaptoethanol). The protein was purified with a Ni-NTA column (Qiagen), followed by gel filtration chromatography on a Hi-Load 16/60 Superdex 75 column (GE Healthcare), which showed an elution volume of 69.3 ml corresponding to a monomer. The eluted fractions were collected in tubes containing the gel filtration buffer (50 mM Na 2 HPO 4 / NaH 2 PO 4 [pH 6.5], 150 mM NaCl, 2 mM dithiothreitol, 10% glycerol, and 1 mM EDTA) supplemented with a final concentration of 100 mM L-(ϩ)-arginine (ACROS Organics) to prevent rapid protein precipitation. The protein was concentrated to ϳ15 mg/ml using a Millipore Centricon (molecular mass cutoff, 10 kDa) prior to crystallization. Rod-shaped crystals were obtained by the hanging-drop method by mixing 1 l of protein solution with 1 l of the well solution containing 30% MPD (2-methyl-2,4-pentanediol). Crystals grew to the full size of approximately 0.4 mm by 0.04 mm by 0.04 mm within 1 to 2 days of incubation at 20°C. Crystals were cryoprotected by transferring into a solution with 30% MPD for 20 to 30 s prior to flashfreezing in liquid nitrogen. Heavy atom derivative crystals were obtained by soaking the native crystals in a 10 mM HgCl 2 in 30% MPD for 5 to 15 s prior to freezing.
X-ray data collection and structure determination. HBoV-NS1N native and heavy atom derivative X-ray data were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) and the Advanced Photon Source (APS), respectively. The data were processed with the program HKL2000 (50) . Structure determination by molecular replacement using the AAV Rep structure (PDB code 1m55) as a search model failed to give any correct solution. The structure was determined by the single isomorphous replacement method using the mercury derivative data. The experimental electron density map calculated with SOLVE in PHENIX was of excellent quality, which allowed automated building of most of the model using PHENIX (51) . Structure refinement coupled with manual model building was performed with the programs PHENIX (51) and COOT (52), respectively. The crystallographic asymmetric unit contains two molecules, corresponding to a Matthews coefficient of 4.6 Å 3 /Da and a solvent content as high as 73%. The refined model includes residues 6 to 271 for each molecule, with excellent refinement statistics and stereochemistry (Tables 1 and 2 ). Accession codes. The coordinates and reflection data have been deposited with the RCSB Protein Data Bank under accession code 4KW3.
RESULTS AND DISCUSSION
Overall structure. The HBoV1 NS1 N-terminal domain encompassing residues 1 to 271 was overexpressed in E. coli, and purified. The protein existed as a monomer on the size exclusion column. Freshly purified protein must be immediately used for crystallization. Molecular replacement using the AAV Rep N-terminal domain structure (sequence identity ϳ14%) as the search model failed, indicating major structural difference between the two proteins. The structure of HBoV-NS1N was determined at 2.7-Å resolution using the single isomorphous replacement method (Tables 1 and 2). The structure contains two molecules in the asymmetric unit (see below). Each HBoV-NS1N monomer consists of a central five-stranded antiparallel ␤-sheet surrounded by clusters of ␣-helices (Fig. 1a) . The central ␤-sheet forms a cleft whose floor is formed by strands ␤1/␤3/␤2/␤9, where the nuclease active site is located (see below), while its walls are formed by ␣8, 
, where I i (hkl) is the observed intensity of reflection hkl and ϽI(hkl)Ͼ is the averaged intensity of symmetryequivalent measurements. ␤8, and a loop between ␤2 and ␤3 on one side and a ␤-hairpin formed by loop L14, ␤5, and ␤6 on the other side. Nickase active site. The HBoV-NS1N structure reveals an overall fold that is canonical to the HUH superfamily of endonucleases that are involved in rolling-circle replication, which contain signature motif HUH, also known as motif 2, and motif YUxxYx2-3K, also known as motif 3 (where Y is tyrosine, U is hydrophobic residue, x is any residue, and K is lysine) (53, 54) . The motif 2 in the active site of HBoV-NS1N contains two His residues (H115/H117) separated by residue Cys116, followed by the three hydrophobic residues Ile118, Leu119, and Val120 (Fig.  1b) . A network of hydrogen-bonds connects His115, His117, and Glu108 from motif 2, whereas Lys215 from motif 3 forms a salt bridge with the Glu108 (Fig. 1b) . A zinc ion was observed in the active site of the AAV Rep nuclease domain and was engaged in the nuclease activity (47) . However, no metal ion is observed in the HBoV-NS1N electron density map. A water molecule in proximity to His115 and His117 makes H bonds with side chains of Gln106, Glu108 and Lys 215 (Fig. 1b) . The HBoV1-NS1N motif 3 contains only the second Tyr at position 211, and the position for the first Tyr (residue 207) is Phe. The two Tyr residues in motif 3 were shown to be catalytically essential in many HUH nucleases, where they were believed to alternate in the cleavage and joining reactions (55, 56) . The presence of only one Tyr residue in HBoV-NS1N motif 3 is consistent with its function as a nickase with no need for the joining reaction. AAV Rep retains both conserved Tyr at positions 149 and 153; however, only the second Tyr (Tyr153) has been shown to be involved in the nuclease activity (47) . It is tempting to speculate that the other Tyr is likely related to integration of viral DNA into the host chromosome in AAV, a function that is not required and may not exist in HBoV. In HBoV-NS1N structure, the Tyr211 side chain of molecule A points toward the two His residues and Glu108, making an H bond with the side chain amino group of Lys215 (Fig. 1b) , whereas Tyr211 side chain of molecule B orientates away from the two His residues, potentially reflecting two different states. The Lys240 side chain is located on the top of the nickase active site, forming a lid above the active side (Fig. 1b) . This Lys is absent in AAV Rep and may provide an additional, bocavirus-specific, regulatory mechanism for DNA substrate binding and cleavage.
Putative binding site for the origin of replication. The parvovirus NS1 proteins triggers strand nicking and initiation of DNA replication by recognition of the Ori, which is achieved by specific binding of the NS1 N-terminal domain to DNA sequence motifs in the Ori as shown in AAV Rep (48) . Analysis of the electrostatic potential surface shows a positively charged region formed by the ␤-hairpin (residues 190 to 198) and helix ␣5 (Fig. 2) . This region superimposes well with that of AAV Rep (Fig. 3) (48) . The ␤-hairpin contains the three positively charged residues Arg191, Arg193, and Arg194, which correspond to conserved residues Lys135, Lys137, and Lys138 in AAV Rep (Fig. 2b) . The structure of AAV Rep complexed with the tetranucleotide repeats of the viral Ori shows that the corresponding hairpin and basic residues therein insert into the major groove of the bound DNA (48) . In addition, helix ␣5 (residues 127 to 132) in HBoV-NS1N contains the three basic residues Lys127, Arg128, and Lys131, corresponding to a similar region in AAV Rep which interacts with the DNA minor groove. We generated a model for HBoV-NS1N:DNA binding by superimposing the AAV Rep-DNA complex structure onto HBoV-NS1N, showing a consistent mode of protein-DNA interaction (Fig. 2b) . These results suggest that this positively charged region in HBoV-NS1N is the putative binding site for the Ori. AAV Rep contains an additional positively charged site for binding of the RBE stem-loop element, which strongly stimulates cleavage at the terminal resolution site (48) . However, the corresponding region on HBoV-NS1N is negatively charged, and it remains to be determined whether it is engaged in binding of additional DNA elements.
Bocavirus-specific subdomain. HBoV-NS1N contains 271 residues in comparison to 197 residues in AAV Rep nuclease domain (47) . The two structures are generally superimposable with a root mean square deviation (RMSD) of 2.49 Å for 144 C␣ atoms, particularly for the central ␤-sheets and the nuclease active site with an RMSD of 0.80 Å for 49 C␣ atoms. However, a subdomain is observed in HBoV that is not present in AAV Rep (Fig. 3) . This subdomain contains residues 39 to 73 and residues 217 to 239, which are elongated insertions between ␣1 and ␣4 and between ␤7 and ␤8, respectively. This subdomain is highly negatively charged, studded by a characteristic array of a triplet and two duplets of consecutive acidic residue, including Asp57, Glu58, Asp59, Asp63, Asp64, Glu70, and Asp71, as well as residues Asp226, Asp232, and Glu239. Such a strongly acidic subdomain is located distal to the putative origin recognition region, thus may facilitate capturing of the Ori DNA by properly orienting the NS1 molecule with respect to the DNA. Sequence alignment shows that this subdomain is conserved among HBoV species, as well as in BPV and MVC, suggesting that it may be a characteristic feature of bocavirus NS1 proteins and is likely to be involved in bocavirusspecific NS1-DNA or NS1-host interaction.
Crystallographic dimer. The asymmetric unit of the crystal contains two molecules related by a noncrystallographic 2-fold rotational symmetry (Fig. 4a) . The two molecules are nearly identical, with an RMSD of 0.48 Å for superimposition of main chain backbones. The total solvent-accessible area for molecules A and B are 13,152 and 12,855 Å 2 , respectively. The buried surface area is ϳ584 Å 2 for each monomer, as calculated with the program PISA (57). The two nuclease active sites are facing the same side, forming a continuous, extended, highly positively charged area along the dimer (Fig. 4b) . The two ␤-hairpins appear to embrace that extended positively charged area (Fig. 4b) , forming an architecture that can snugly accommodate a double-stranded DNA (dsDNA), with the two ␤-hairpins inserted into the DNA major groove (data not shown). The Tyr211 residues in the two active sites are located within close proximity of the DNA and thus can approach the DNA and form a 5=-phosphotyrosyl linkage with it. Such an architecture is not incompatible with the NS1-DNA interaction for recognition of the Ori, which occurs along the other side of the ␤-hairpin. The biological implication of this dimeric architecture is not known. The substrate for NS1 nucleolytic cleavage may be ssDNA, as for many HUH superfamily nucleases (47, 48, (58) (59) (60) , but NS1-DNA binding could involve structured DNA components such as stem-loops, as shown in structures of AAV Rep, relaxase TrwC/TraI, and DNA transposase TnpA (48, (59) (60) (61) . DNA transposase TnpA, which also belongs to the HUH superfamily, forms a dimer with both nuclease active sites facing to the same side (60) . Moreover, parvovirus NS1 proteins must assemble into ring oligomers in accordance with the helicase function. For example, AAV Rep was reported to form ring oligomers with variable stoichiometry (62) . These data imply that NS1 can form oligomers and may partially be involved in interaction with dsDNA elements during nucleolytic catalysis. Nevertheless, further studies are required to elucidate the underlying mechanistic details and address whether the observed crystallographic dimer plays any role in HBoV-NS1N functions.
Structural mapping of the diversity of HBoV NS1 proteins. Parvoviruses have been shown to evolve rapidly, having a mutation or substitution rate approaching that of RNA viruses (63) , as was demonstrated by the emergence of canine parvovirus from feline panleukopenia virus in the last ϳ40 years (64) and by studies of the B19V evolution (65, 66) . Consistent with this, genetic characterization has shown that HBoV is a group of highly diverse, recombination-prone, dynamic viruses (4). We have mapped the amino acid residues that are variable in HBoV NS1 nuclease domains onto the present structure (Fig. 5) . A highly scattered pattern is observed, with changed residues distributing quite uniformly all over the molecule, implying that these residues are less likely associated with NS1 functions critical for virus replication thus may be more prone to mutation. However, two extended invariable regions are observed: (i) the putative origin recognition site encompassing the ␤-hairpin and the helix ␣5 and (ii) the region encompassing the nuclease active site (Fig. 5) . The ␤-hairpin and the helix ␣5 are conserved among the four HBoV species (data not shown), suggesting that these viruses use identical molecular elements for the Ori recognition by the NS1 proteins. These data indicate that the recognition of Ori and the nickase activity are two highly conserved features of HBoV and that the underlying structural elements are less prone to mutation and so can serve as valuable targets for the development of broad-spectrum antivirals that are compatible with the high diversity of HBoV. Residue Lys112, which is located upstream of the two His residues in motif 2 next to the nuclease active site, is among a few residues that show the highest variability, changing to acidic residues in HBoV2 and HBoV3 (Fig. 5) . Nevertheless, the potential impact of such variability of Lys112 on the NS1 function is yet to be understood. Model for recognition of HBoV1 Ori by NS1. Replication mechanisms of HBoV have not been well characterized, largely owing to lack of an animal model and difficulty in tissue culture (15) . Our structural results indicate that HBoV-NS1 is a member of the HUH superfamily of nucleases and contains a positively charged surface that is the putative binding site for the Ori. This supports that the HBoV DNA replication is directed by NS1, as in the common rolling-hairpin mechanism proposed for parvoviruses (67) . Nevertheless, details of initiation of HBoV DNA replication by NS1 display differences from that known for AAV (48) . Like AAV Rep, binding of NS1 via its N-terminal domain on the Ori serves as the first step. This binding involves the highly basic region formed by the beta-hairpin and helix ␣5. While the mode of DNA binding for the monomeric NS1 would be similar to that of AAV Rep (48), HBoV-NS1 may not form the multimeric protein-DNA complex in the same manner as seen in AAV Rep crystal structure. This is because AAV Ori contains a series of tandem tetranucleotide motifs that serve as the Rep-binding sites, but there are no apparent repeated DNA sequence motifs in the HBoV LEH or REH regions where the potential Ori is located (15) . Instead, the HBoV LEH and REH share conserved features with other two bocaviruses, BPV and MVC, in that the LEHs contain cruciform structures and the REHs are hairpins (15, 17, 68) . This indicates that bocaviruses use a conserved mode of NS1-Ori recognition, which is distinct from that of dependoviruses. In AAV, it was proposed that binding of multiple Rep molecules at the Ori would trigger oligomerization of the helicase domain, leading to unwinding of dsDNA and the generation of ssDNA at the terminal-resolution site situated at a different location in the Ori, which is to be bound and cleaved by the nuclease domain (48) . HBoV NS1 may undergo similar oligomerization for the helicase domain, enabling DNA nicking. Oligomerization of the helicase domain is a common feature in viral origin-binding proteins such as simian virus 40 LTag and papillomavirus E1, which are required for melting of dsDNA to enable DNA replication (69, 70) . However, parvovirus NS1 proteins are unique in that they integrate an N-terminal domain that is not only responsible for origin binding but also nicks the DNA to generate a free 3=-hydroxyl group for DNA replication.
The HBoV-NS1N structure reported here raises numerous questions about the versatile functions of NS1. How, for example, do multiple copies of NS1 bind to the Ori in a manner likely different from AAV Rep? What is the architecture of the potential high-order nucleoprotein complex formed by the NS1 and the Ori? What is the mechanism that coordinates the steps of NS1-Ori binding, oligomerization of the NS1 helicase domain, DNA nicking, and subsequent DNA replication? What is the exact role of the subdomain that potentially distinguishes bocavirus from dependovirus? If and how does the crystallographic dimer of HBoV-NS1N take part in NS1 functions? The HBoV-NS1N structure provides a framework for further studies to understand biological roles of the NS1 proteins in parvoviruses in detail.
